ABSTRACT: Physically coating liposomes with peptides of desirable functions is an economic, versatile, and less time-consuming approach to prepare drug delivery vehicles. In this work, we designed three peptidesAc-WWKKKGGNNN-NH2 (W2K3), Ac-WWR-RRGGNNN-NH2(W2R3), Ac-WWGGGGGNNN-NH2(W2G3)and studied their coating ability on negatively charged liposomes. It was found that the coating was mainly driven by the electrostatic interaction between the peptides' cationic side groups and the acidic lipids, which also mediated the "anchoring " of Trp residuals in the interfacial region of lipid bilayers. At the same conditions, the amount of the coated W2R3 was more than that of W2K3, but the stability of the liposome coated with W2R3 was deteriorated. This was caused by the delocalized charge of the guanidinium group of arginine. The coating of the peptide rendered the liposome pH-responsive behavior but did not prominently change the phase transition temperature. The liposome coated with peptides displayed appropriate pH/temperature dual responsive characteristics and was able to release the content in a controlled manner.
INTRODUCTION
As a potential pharmaceutical carrier of choice for numerous practical applications, liposomes have moved a long way in the transition from the laboratory to the clinic. 1−3 To improve the robustness of the bilayer and to tune the liposomal drug release rate, polymers, such as polysaccharides and polypeptides, have been used to create a capsule wall over the liposomal surface. 4−7 These polymer-coated liposomes have been used to create organic−inorganic hybrid nanocapsules 8 and freestanding bioscaffold. 9 The stimulus-sensitive liposomes, which were capable of releasing their contents in response to small changes in pH, were also developed.
10,11 Such pH-responsive liposomes promoted the delivery of drugs (or genes) to cytosolic or nuclear targets, as the pH values were different in various tissues and cellular compartments.
12−15
Liposome is also treated as a model structure of cells membrane. Actually, many cellular processes are controlled by protein−protein interaction, 16 and more than 50% of currently available drugs are targeted toward membrane proteins. 17 In the nervous system, message regulation involves the regulation of membrane proteins in distinct types of secretory vesicles. 18, 19 The integration of liposome and peptides, as a mimic of cell membrane, combines the vesicle structure of liposome and the functions of peptides, yielding many attractive features. 20 It has been reported that the stearylation of cell-penetrating peptides (CPPs) oligoarginine facilitates the "programmed packaging" of genes into liposomes. A multifunctional envelope-type nanodevice (MEND) modified with octaarginine was generated, which showed high transfection efficiency. 21, 22 When pHsensitive fusogenic peptide (GALA) 23 was anchored on the liposomal surfaces, the cytosol release was promoted. 24 These formulations relied on the terminal modification of peptides through the introduction of hydrophobic insertion chains. The physical absorption of peptide on the liposome surface or insertion in the bilayer, which is simpler, versatile, and less time-consuming, offers an alternative approach to integrate peptide with liposome. This is also the approach taken by many membrane proteins to bind the cell. However, the physical coating of liposomes by artificially designed peptides is rarely reported in the literature.
Herein, we designed a serial of peptides suitable for coating on the liposome surface. The sequences of the peptides are Ac-WWKKKGGNNN-NH2 (W2K3), Ac-WWRRRGGNNN-NH2(W2R3), and Ac-WWGGGGGNNN-NH2(W2G3). It has been proposed that, of all the 20 amino acids, tryptophan (Trp, W) has the highest affinity in the membrane−water interface. 25 Its side chain acts as an interfacial anchor in that the indole ring resists displacement to a deeper or shallower membrane location for an energetically favorable interaction. 26−29 Moreover, Trp residue is a fluorophore, and its fluorescence emission spectra are very sensitive to environmental changes. 30, 31 It can act as an indicator for the interactions between peptides and liposomes. Two Trp residues were employed as the C-terminal of each peptide. A short sequence of positively charged amino acids, either K or R, was selected next to the two Trp residues. The electrostatic interaction was strong and long ranged. It would facilitate the binding of peptides with negatively charged liposomes. The liposome coated with positively charged peptides was also expected to construct unique functional gene carrier. 32 To test the capacity of the electrostatic interaction, a peptide without K or R, named W2G3, was designed as the control. A spacer served by two glycine (G) residues was added next to the positively charged amino acids. Glycine is an achiral amino acid with a minimal side chain of only one hydrogen atom. It can fit in either hydrophilic or hydrophobic environment, eliminating the formation of secondary structures or extra interactions. The N-terminal of each peptide was composed of three asparagine (N) residues. N3 was hydrophilic, and it was able to prevent interparticle aggregation. It can also be easily changed to some other functional sequences to expand the capacity of the peptide. The liposome was formed by 1,2-dipalmitoyl-snglycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-snglycero-3-phospho-(1′-rac-glycerol) (DPPG) at varying molar ratio. DPPC and DPPG have the same melting points, which is ∼41°C. 33 Lateral segregation of lipid, which makes the coating of peptides more complicated, did not occur at the studied temperature range from 25 to 50°C. This work focused on the coating capacity of peptides on liposomes and the effect of the coated peptide on the properties of liposomes.
MATERIALS AND METHODS
2.1. Materials and Sample Preparation. The peptides W2K3, W2R3, and W2G3 with >98% purity were purchased from GL Biochem (Shanghai) Ltd. (Shanghai, China). Dry powder of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and chloroform solution of 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG, sodium salt) were purchased from Avanti Polar Lipids, Inc. Hepes was purchased from Sino-American Biotechnology Co., Ltd. Triton-X100 (98%) was purchased from Xilong Chemical Inc. (China). Milli-Q water (18.2 MW·cm) was used in all the experiments. All the vials were carefully washed and sterilized.
2.2. Liposome Preparations. The large unilamellar vesicles (LUV) formed by DPPC and DPPG were prepared by the lipid film method, followed by several cycles of extrusion. Briefly, a chloroform solution of the lipid mixture with desired composition was added to a 50 mL pyriform flask together with some Teflon beads. The solvent was removed by a rotary evaporator at 50°C. The formed thin film was further dried under vacuum overnight. The dry film was then hydrated with HB buffer (pH 7.4, 20 mM Hepes, 0.1 mM EDTA) or HBS buffer (pH 7.4, 20 mM Hepes, 0.1 mM EDTA, 150 mM NaCl) at 50°C for 1 h by a rotary evaporator (no vacuum). Occasional vortex for 10 s was conducted during the hydration process. The resulting suspension was then pushed through a polycarbonate membrane with a pore diameter of 100 nm at 50°C for 21 times using a mini-extruder (Avanti Polar Lipids, Inc.). Liposomes encapsulating calcein were prepared by following above procedures but using 80 mM calcein in water as the hydration solution. The free calcein molecules were removed by gel filtration on a Sepharose CL-4B column equilibrated in HBS. The final concentration of liposome was determined by modified Bartlett method. 34 
Laser Light Scattering (LLS).
A commercialized spectrometer from Brookhaven Instruments Corporation (BI-200SM Goniometer, Holtsville, NY) was used to perform both static light scattering (SLS) and dynamic light scattering (DLS) over a scattering angular range of 20°−120°. A vertically polarized, 100 mW solid-state laser (GXC-III, CNI, Changchun, China) operating at 633 nm was used as the light source, and a BI-TurboCo digital correlator (Brookhaven Instruments Corp.) was used to collect and process data. In SLS, for a very dilute solution, the weight-averaged molar mass (M w ) and the root mean-square radius of gyration (R g ) are obtained on the basis of
(1)
) and q = 4πn/λ sin(θ/2) with N A , n, dn/dC, and λ being Avogadro's number, the solvent refractive index, the specific refractive index increment, and the wavelength of light in a vacuum, respectively. The dn/dC values of peptide and liposome are very close, both are ∼0.154. 35 Since the scattered intensity from the peptide is negligible compared with that from the liposome, and the weight ratio of peptide coated on the liposome is less than 10 wt % in all the studied conditions, the concentration of pure liposome is used to calculate the size and molecular weight.
In DLS, the intensity−intensity time correlation function G (2) (τ) in the self-beating mode was measured. A Laplace inversion program, CONTIN, was used to process the data to obtain the line width distribution and diffusion coefficient. The diffusion coefficient D can be further converted into the hydrodynamic radius R h by using the Stokes−Einstein equation
where k B , T, and η are the Boltzmann constant, the absolute temperature, and the viscosity of the solvent, respectively. For each sample, we measure the correlation functions at five angles covering 30°−90°. Only the CONTIN analysis at 30°or 90°is shown if the results are similar. But the calculation on hydrodynamic radius (R h,app ) is based on the extrapolation to zero angle. The aqueous solutions of peptides and liposomes were filtered through 0.45 μm filters (Sartorius stedim Biotech, Goettingen, Germany) to remove dust. The +/− charge ratio of peptides to liposomes was denoted as ρ p/l . To calculate the coating amounts of peptides, liposomes were added to peptides at 25°C instantly. This time point was set as t 0 . The mixture was vortexed at 1200 rpm for 20 s and then monitored by laser light scattering.
To measure the pH sensitivity of liposomes coated with peptides, 60 μL of calcein-loaded liposomes at 500 μM was added to 100 μL peptide solutions at 40 μM (ρ p/l = 1). The mixture was then vortexed at 1200 rpm for 3 min, followed by incubating at 37°C for 15 min. The mixed solutions was then heated to 50°C and stayed for 30 min. After being cooled to 37°C, the mixed solution (50 μL) was evenly distributed into the buffers (2.0 mL) at varying pHs and monitored by laser light scattering at 37°C for a week.
2.4. Zeta Potential Analysis. Electrophoretic mobility was measured using a zeta potential analyzer (ZetaPALS, Brookhaven Instruments, Holtsville, NY). Each sample was measured three times. The zeta potential ξ was calculated using the Smoulokowski model
where μ is the electrophoretic mobility (m 2 μs −1 V −1 ), ε is the dielectric constant, and η is the viscosity of solvent.
2.5. Transmission Electron Microscopy (TEM). 10 μL of the sample was applied to a copper grid covered with a carbon film support (T10023, Beijing Xinxing Braim Technology C., Ltd.) for approximately 30 s. The excess sample solution was removed by filter paper. A drop of 1.0% phosphotungstic acid was then placed on the grid, and the excess stain was wicked away 30 s later. The samples were viewed on a H-9000NAR transmission electron microscope after dried.
2.6. Controlled Release of Calcein. 30 μL of calcein-loaded liposomes at 500 μM was added to 50 μL of peptide solutions at 40 μM (ρ p/l = 1). The mixture was then vortexed at 1200 rpm for 3 min. The mixed solution containing coated liposomes (50 μL) was evenly distributed into the buffers (2.0 mL) at varying pHs. After being incubated at 37°C for 5 min, each sample was heated to 50°C at a heating rate of 0.1°C/min and then cooled to 37°C at 0.2°C/min. After the heating and cooling cycle, Triton X-100 was added to release all the calcein from the liposome. The released calcein was determined by measuring the fluorescence at λ ex = 490 and λ em = 520 nm. The percentage of calcein leakage was calculated according to the equation
where I 0 is the initial fluorescence before the heating and I pH and I X are the corrected intensity at different pHs before and after the addition of Triton X-100, respectively. 36−38 The lipid membranes display at least two phases, i.e., "gel phase" and "liquid crystalline phase". A so-called gel-to-liquid crystalline phase transition occurs at the transition temperature T c (also referred to as melting temperature). DPPG and DPPC have the same T c (∼41°C) and are highly miscible. 39, 40 However, the redistribution of negatively charged DPPG can occur during the coating of DPPC/DPPG liposome with positively charged peptides. Therefore, the mobility of lipid in the bilayer will inevitably affect the coating efficacy. To test this hypothesis, we studied the temperature effect on the coating ability of W2K3. Figure 1A shows the stability of uncoated DPPC/DPPG liposomes (60:40 m/m ratio) in HB buffer at 25°C. At 50 and 250 h, the sample was heated to 50°C for 30 min and then cooled back to 25°C. The hydrodynamic radius R h,app (the subscript "app" denotes apparent value) and the radius of gyration R g,app at 50°C were 10−15 nm larger than those at 25°C
. The swelling of the liposomes at high temperature was caused by the gel to liquid crystalline phase transition. 41 The particle sizes and the molecular weight were unchanged when the temperature was recovered to 25°C. Clearly, the heat treatment shows no effect on the morphology or the stabilities of the uncoated liposomes.
The situation was quite different in the presence of W2K3. As shown in Figure 1B , the R h,app of the DPPC/DPPG liposomes (60:40 m/m ratio) increased from 65 to ∼110 nm in 0.5 h after mixed with W2K3 (ρ p/l = 20). The size reached ∼140 nm in 6 h. The excess scattered intensity also increased, indicating the occurrence of aggregation. However, as soon as the samples was heated to 50°C, the particle size sharply dropped to 80 nm (as indicated by the first arrow in the inset at about 7 h), which was only slightly larger than the size of the uncoated liposomes at 50°C (76 nm), suggesting the dissociation of the aggregates. When the sample was cooled back to 25°C at ∼8 h, the size was maintained. Both R h,app and R g,app were 80 nm. The ratio of R g,app /R h,app can be used to determine the conformation of a particle. It is well established that the ratio is 0.775 for a solid sphere, 1.0 for a vesicle, and >1.5 for a random coil. 42 The R g,app /R h,app value of the coated liposomes after heat treatment was close to 1, indicating that the vesicular structure was maintained. The vesicle structure was also confirmed by TEM images. As shown in Figure 2 , large unilamellar vesicles with the diameter about 160 nm were clearly seen.
Only one mode was observed during the heating or cooling process ( Figure S2 ). The size distribution of the aggregates formed at 6 h was broader than that of the uncoated or coated liposomes. Interestingly, reheating of the liposome to 50°C at ∼9 h, as indicated by the second arrow in the inset, did not generate any effect on the size of the coated liposome, which was different from the behavior of naked liposome ( Figure 1A ). This suggested that the coating of peptide on the surface prevented the liposomes from swelling at temperatures above T c when the coating amount was large enough. Figure 1B also shows that the liposome was stable during the following 400 h. Clearly, the treatment by heat enhanced the coating of peptide on the liposome probably by facilitating the close contact of peptides with preferred lipid molecules, since the lipid was mobile at temperatures above T c . Therefore, heating at 50°C The coated peptide over liposome ratio is a key parameter to evaluate the coating ability. Three W2K3/liposome samples with the mixing ρ p/l ratios being 20, 1.0, and 0.60 were prepared. The number of the coated peptides was determined by the molecular weight (M w ) difference of the liposome before and after coating. The charge ratio was calculated accordingly. As shown in Figure 3 , the coated W2K3/liposome charge ratio was only 0.98 at ρ p/l = 20, suggesting that most of the peptides stayed as free molecules in the solution. While at ρ p/l being 1.0 and 0.60, the coated ratios were 0.92 and 0.52, respectively. Most of (about 90%) the peptides were coated on the liposome. This also indicated that the electrostatic attraction was the major driving force for the coating of W2K3 on DPPC/ DPPG liposomes (60:40 m/m ratio). Moreover, the aggregation of liposome at ρ p/l ratios lower than 1 was not prominent before the heat treatment at 50°C ( Figure S2 ), implying that the peptide was not only able to coat the liposome but also induced interparticle aggregation if the amount was excess.
3.2. Difference between K and R. Arginine-rich peptides have been reported to be able to translocate through cell membranes. They are potential carriers of DNA and proteins. 43−45 The coating of the liposome by W2R3 was also facilitated by heat treatment, similar to the coating by W2K3. Figure 4 compares the coating ability of W2R3 and W2K3 on two different liposome surfaces at 1 h after heat treatment. W2G3 was used as a control. To ensure enough peptides were available, ρ p/l of 20 was chosen. The coating of peptides was stronger on the liposome with higher content of charged lipids. Compared with those of W2K3 or W2R3, the coating of W2G3, which contains no charged residues, was negligible. Both results suggested that the electrostatic attraction was a major driving force for coating. However, the coating amount of W2R3 was always larger than that of W2K3, even though they contained the same positive charges. The difference was even larger on the liposome surface with higher charge density ( Figure 4B ). This indicated that the parameters other than electrostatic interactions also played a role during the coating. Figure 5 shows the zeta potential of the liposomes of varying DPPG content before and after the coating with peptides. The zeta potential of the negatively charged liposomes changed from −34 to −48 mV as the DPPG content increased from 5 to 40%. The coating of the peptide resulted in a decrease of the negative zeta potentials. The degree of decrease was heavier as the DPPG content increased. This confirmed that the major driving force for coating was electrostatic attraction, in agreement with the LLS result. Each W2K3 or W2R3 contains three charges. In most of the cases, the number of positive charges attached on the liposome surface, on the basis of the data shown in Figure 4 , was more than the number of negative charges from DPPG, especially in the case of W2R3. However, no charge reversal was observed in all the cases. We attributed it to the location of the positive charges in peptides. In W2K3 or W2R3, the charged amino acids were located near the Cterminal of the peptides. They were tightly bound to the membrane surface, leaving the neutral segments −GGNNN facing outward. Similar to the behavior of poly(ethylene glycol), 46, 47 this neural layer effectively screened the surface charges introduced by the charged peptides, preventing the occurrence of charge reversal.
The binding of peptide should involve the tryptophan residues since they can strongly attached to the interfacial region of lipid bilayers.
26−28 Figure S3 shows the fluorescence emission spectra of W2K3 and W2R3 in HB buffer with or without liposomes. To eliminate the influence of free peptides, the mixture with ρ p/l = 1.0 was chosen. The fluorescence was derived mainly from the Trp residue. Its maximum emission wavelength (λ max ) at different situations is listed in Table 1 .
Without liposomes, the λ max was 355 ± 1 nm in HB buffer, and it was independent of the peptide sequence. The λ max was shift to lower wavelength with the addition of DPPC/DPPG liposomes. The shift was stronger with increasing content of DPPG in the liposome. As shown in Table 1 , the λ max value was barely changed in the presence of liposome with 5% DPPG, but it decreased by 6−8 nm for W2R3 when the content of DPPG increased to 40%. As for W2K3, a blue-shift of 5 nm was measured when incubated with liposomes of the same charge density. The level of wavelength shift was similar to the values reported in the literature. 48 The blue-shift was attributed to the interaction of indole with the polar solvent. Following excitation, the energy of the excited state was related to the solvent polarity. 49 The increase of the solvent polarity resulted in emission at lower energies or longer wavelengths. 50 Conversely, a blue-shift occurred when the solvent polarity decreased, indicating that the environment of Trp residues became more hydrophobic. In other words, the Trp residues reached the interface region of the bilayer. Clearly, the binding of Trp residues in the bilayer was facilitated by the electrostatic interactions because no blue-shift was observed in the same situation for W2G3.
Salt Effect.
The strength and working range of the electrostatic interaction are sensitive to ionic strength. The coating ability of peptides on the liposome in the physiological salt concentration was measured by LLS. Figure S4 shows the coating amount of W2R3 and W2K3 on DPPC/DPPG liposome (80:20 m/m) in HBS buffer. Similar to the results in HB, both W2R3 and W2K3 can coat the liposome surface, and the coating ability of W2R3 was stronger. The major difference was that the amount of coated peptide, for both W2R3 and W2K3, decreased in HBS buffers. Stradner et al. 51 have reported the coexistence of long-ranged electrostatic repulsion and short-ranged electrostatic attraction among charged colloidal particles. In the mixture of peptide and liposome, the long-ranged electrostatic repulsion was referred to the interactions among peptides, while the short-ranged electrostatic attraction was referred to the interactions between DPPG and peptides. The addition of NaCl screened both electrostatic interactions. But the effect on the short-ranged electrostatic attraction was stronger than that on the repulsion in the studied salt concentration, leading to a weakening of the peptide coating on the liposome.
3.4. pH Sensitivity of Liposomes Coated with Peptides. The basic amino acids can be protonated or deprotonated in responsive to the change in pH. 52 Therefore, the coating of W2R3 and W2K3 should be able to render the liposome pH-responsive properties. The naked DPPC/DPPG liposome (60:40 m/m ratio) was stable in HBS buffer at pH values ranging from 5.5 to 7.4. Both the scattered intensity ( Figure S5 ) and the size distribution ( Figure S6 ) were constant in 200 h at 37°C. However, the behavior of the liposome was changed when coated with peptides, and the change was also peptide dependent.
At mixing ratio ρ p/l = 1.0, most W2R3 or W2K3 molecules coated on the surface of DPPC/DPPG liposome (60:40 m/m ratio). The free peptides in solution were negligible. For the liposome coated with W2K3, its size distribution was close to that of the naked liposome, and no prominent changes in either size ( Figure S7 ) or scattered intensity ( Figure 6A ) was observed in the studied time period at pH 7.4, suggesting that the coated liposomes were stable in solution of neutral pH. However, the scattered intensity sharply decreased and reached the platform in ∼80 h at pH 5.5 ( Figure 6A ). The size remained almost constant, but the size distribution broadened in the studied time period as shown in Figure 7 .
For the liposome coated with W2R3, its size distribution was broader than that of the naked liposome right after coating at pH 7.4. But no further changes in size distribution were observed during the studied time period at neutral pH ( Figure  S7 ). Moreover, the excess scattered intensity decreased in the first 20 h and then kept almost constant thereafter. Since this phenomenon was not observed in the case of W2K3, we attributed to the effect of arginine residues, which were able to deform the vesicle structures after binding to the liposome surface. At pH 5.5, the scattered intensity exhibited a similar behavior as that in the case of W2K3 ( Figure 6B ). However, the particle size became slightly larger and the size distribution became broader with time. The decrease in the scattered intensity together with the gradual increase of the particle size suggested the rupture of liposomes at pH 5.5 in the presence of both W2K3 and W2R3. TEM images ( Figure S8 ), which showed rupture and deformation of the liposome, confirmed LLS results. The rupture of the liposome and even phase separation were more obvious at mixing ratio ρ p/l = 20 ( Figures S9 and S10) . The disturbance of the membrane by W2R3 was different from that by W2K3. Although both were positively charged in their physiologically state, there was increasing evidence that they differed in the interaction with lipid membranes. It was already known that polyarginine can cause leakage of neutral or anionic vesicles. 52 It was already reported that the delocalized charge of the guanidinium group of arginine was able to mediate the translocation of arginine-rich oligo/polymers across bulk and lipid bilayer membranes. 53, 54 The multivalent nature of the guanidinium group allowed Arg to simultaneously interact with both phosphate and glycerol groups and thus changed the phase behavior of peptide−lipid mixtures. Using calcein as the model drug and fluorescence label, we examined the release of calcein from the coated liposome at different pHs. The concentration of calcein encapsulated in liposomes was 80 mM, at which concentration its fluorescence was self-quenched. 56 The leakage of calcein from the liposome resulted in an increase of fluorescence, which can be used to determine the concentration. It was known that the leakage of the liposome was the fastest around T c . A heating and cooling cycle at fixed rate was employed to induce the release of the cargo from liposomes. For the naked liposome, the percentage (F) of the released calcein was 4.4% at pH 7.4 and 16.5% at pH 5.5 (Figure 8) , indicating that the permeability of uncoated liposomes was negligible at neutral pH but a little strengthened at acid environment.
For the liposome coated with W2K3 or W2K3 at ρ p/l =1.0, the percentage of calcein released at pH 7.4 was the same as that of uncoated liposome (Figure 8) . However, at pH = 5.5, the release percentage increased to 27.7% for W2K3 and 48.3% for W2R3. This further confirmed that W2R3 possessed stronger ability than W2K3 in disrupting lipid membrane at acidic pH. Figure 9 shows the calcein fluorescence curve of the liposomes coated with W2K3 during the heating and cooling cycle. It was clear that, at both pHs, the dramatic change in fluorescence intensity largely occurred at 41−42°C, around the T c of the liposome. Uncoated liposomes ( Figure S11) showed the same tendency. This suggested that the coated peptide did not change the phase transition temperature of the liposomes. In the case of the liposomes coated with W2R3 ( Figure S12 ), besides the region of phase transition temperature, continued leakage was also observed at temperatures above that.
The heavy release of the calcein from the coated liposome could be explained by the defects at the domain boundaries within the membranes. 57, 58 Upon the adsorption of cationic peptides onto a membrane consisting of negatively charged and neutral lipids, the strong electrostatic interaction may induce changes in lipid composition at the binding site on the premise of the lateral fluidity of membranes. 59 The changes in membrane fluidity at T c afforded the ability of negatively charged lipids to migrate and adjust their concentration at the binding site and hence strengthened the electrostatic interaction between the peptides and the lipid membrane. The formation of the domains in rich of charged lipid and peptide resulted in microphase separation on the membrane surface. This was confirmed on giant unilamellar vesicles in the presence of W2K3 or W2R3 ( Figure S13 ). The interface between the domains was delicate and contained defects. The release of the cargo was thus significantly enhanced. For W2R3-coated liposomes, the deep penetration of peptides inside the membrane, as demonstrated by the larger blue-shift in Table 1 , generated heavier leakage, even at temperatures higher than T c . 
CONCLUSIONS
We demonstrated the creation of peptide-coated liposomes by using charged peptides containing Trp residues. The binding of water-soluble peptides to lipid membranes was mainly mediated by the electrostatic interaction between the peptides' cationic side groups and the acidic lipids as well as the "anchoring" of Trp residuals in the interfacial region of lipid bilayers. The amount of the coated peptides was larger for W2R3 than that for W2K3, while liposomes coated with W2K3 showed better stability at both neutral and acidic environment. The coating efficiency of the peptide and the permeability of coated liposome were governed by the phase behavior, i.e., the temperature. The generated peptide layer could allow both pHand temperature-induced release of the encapsulated cargos. The liposome externally coated with peptide, abbreviated as pepsome, mimics the protein delivery vehicle inside cells. 60 It combined the vesicle structure of liposome and the functions of peptide, yielding many attractive features, such as easy cargo loading, controlled release, and specific targeting. Moreover, the biocompatibility and biodegradability of lipid and peptide rendered pepsome a promising vehicle to deliver drugs and genes in a safe and efficient manner.
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( Figure S9A ), suggesting that the coated liposomes were stable in solution of natural pH.
However, the scattered intensity sharply decreased to a level close to the intensity of solvent at pH 5.5 ( Figure S9A ). As the scattered intensity decreased, the size distribution remained constant at the beginning, and then became broad in 45 h ( Figure S10A ). A multimodal distribution was detected in 97 h. The size of the largest fragment was in the order of micrometer scale, indicating the occurrence of macrophase separation.
For the liposome coated with W2R3, its size distribution was broader than that of the naked liposome right after coating at pH 7.4, which was similar to that at ρ p/l = 1.0. At pH 5.5, the scattered intensity exhibited a heavy fluctuation in the first 22 h, followed by a gradual decrease to a constant level ( Figure S9B ). Figure S10B shows that the particle sizes were constant at the first stage and then began to increase at 22 h, which accounted for the increase of the scattered intensity shown in Figure S9B . The size distribution became narrow at this stage. Similarly, the decrease of the scattered intensity together with the gradual increase of the particle size suggested the heavy rupture of liposomes at pH 5.5 in the later stage. 
Giant Unilamellar Vesicles (GUV) with peptides
GUVs were prepared by electroformation method. 1, 2 The device was similar to that described by Angelova et al. 3 The total lipid concentration was 3.75 mg/mL in 95% chloroform / 5%
acetonitrile. The solution was spin-coated at 800 rpm for 1 minute onto the surface of a glass (50 mm x 50 mm x 1.1 mm) with a coating of conductive ITO 4 The ITO coated glass was cleaned beforehand. The PDMS chamber between two ITO-glasses was 2 mm thick. The two glass slides were hold together with binder clips. After incubated at 50 o C for 10 min, the chamber was filled with 0.10 M sucrose solution (which was also heated to 50 o C) and immediately applied a 2.0 V (peak-to-peak), 10 Hz ac electric field using a function generator. After 4 hours, the formed GUVs were detached from the glass by applying a 3.0 V (peak-to-peak), 5 Hz ac field for 1 hour. The fluorescence intensities of non-charged dye (perylene) on the GUVs in Figure S13 became heterogeneous in the presence of peptides, indicating the occurrence of lipid demixing. As for W2R3 ( Figure S13C ), the deformation of vesicles (inset in Panel C) was also observed. Since perylene is not charged and buried inside the bilayer, it did not interact directly with the peptide.
The redistribution of perylene was caused by the interaction between lipids and peptides.
